Radiocesium, accumulated in the soil by nuclear accidents is a major environmental concern.
Introduction 53
One of the most dangerous contaminants generated in a nuclear accident is cesium (Cs + ), which 54 shares similar chemical properties with potassium (K + ). The stable isotope of cesium 133 Cs is 55 Because 1.5 mM Cs + could inhibit ~50% root growth in a shorter incubation period, we decided 142 to use 1.5 mM cesium and three days incubation as an assay system for further experiments. This 143 treatment affects the growth of the whole seedling including root and leaf. After 3 day incubation 144 in 1.5 mM Cs + , root growth was inhibited and leaf chlorosis became apparent ( Figures 1A and   145 1B). 146 The growth of primary root is a combination of cell division and elongation, which is 147 further extended through differentiation (Rahman et al., 2007) .Cesium-induced inhibition of 148 primary root growth could be the consequence of either decreased cell number or shorter cell 149 length or both. To answer this question, Cs + treated seedlings were subjected to kinematic 150 analysis (Rahman et al., 2007) , which revealed that Cs + inhibits both cell elongation and cell 151 production ( Figures 1C and 1D) . The Cs + effect on cell production rate was further confirmed 152 by using G2-M phase cell cycle marker CyclinB1;1::GUS (Colón-Carmona et al., 1999) , where 153 only few cells were found to be mitotically active compared with the wild type ( Figure 1E ). The 154 reduced cell division also affected the meristem growth as the reduction of meristem size was 155 observed in Cs + treated seedlings ( Figure 1E and 1F ). Although root growth was severely 156 inhibited and root phenotype drastically changed after 3 day Cs + incubation, the meristematic 157 cells remain active as we did not observe any cell death by Propidium Iodide (PI) staining 158 ( Figure 1F ).Taken together, these results suggest that cesium affects both cell division and 159 elongation to inhibit the overall primary root elongation.
160
Gain-of-function mutant abcg37-1 is hypersensitive to cesium 161 In quest of finding new transporters for Cs + , we focused on ABC transporters as they 162 have already been reported to transport metals such as As, Cd, Hg, Pb (Lee et al., 2005; Kim et 163 al., 2006; Kim et al., 2007; Song et al., 2010; Park et al., 2012) . The broader substrate specificity 164 along with the altered expression pattern of some of the ABC family proteins under Cs + 165 intoxicated condition (Hampton et al., 2004 ) make them potential candidates for Cs + transporter. 166 To elucidate the roles of ABC proteins in Cs + transport, we focused on plasma membrane 167 localized subfamilies of ABC proteins ABCB and ABCG and screened available 20 ABCB and 168 17 ABCG mutants against 1.5 mM cesium for root growth response, which inhibits around 50% 169 root growth in wild-type (Supplemental Figures 1A and 1B) . The screening revealed four 170 mutants (abcb15-1, abcg36-1, abcg37-1, abcg42) showing altered response to Cs + . Since we are 171 interested in Cs + uptake from soil, out of these four mutants, we selected abcg37-1 (also known 172 as pdr9-1) for further studies as it is a gain-of-function mutant (Ito and Gray, 2006) , and showed 173 hypersensitive response to Cs + . Time course and dose response analyses revealed that abcg37-1 174 shows hypersensitive response to root growth at all concentrations and all incubation periods that 175 we tested (Supplemental Figure 2) . The Cs + hypersensitivity in the gain of function mutant 176 suggests that ABCG37 is possibly facilitating the uptake of Cs + , which results in increased root 177 growth inhibition and leaf chlorosis (Figures 2B and 2C) . If this is the case, then one would 178 expect that the loss of function mutant will show opposite response. To validate this, we used 179 several alleles of loss-of-function mutant of ABCG37 (abcg37-2, abcg37-3, and abcg37-4) . 180 These mutants show no visible root phenotype at control condition (Figure 2A ). Unfortunately, 181 loss-of-function mutants did not show cesium resistant phenotype.
182
ABCG37 and ABCG33 function redundantly as cesium uptake carriers 183 The unexpected wild-type like response of the loss-of-function ABCG37 mutants to 184 cesium ( Figure 2B ) prompted us to hypothesize that loss of ABCG37 may be compensated by 185 another ABC protein. For tonoplast localized arsenic transporter, abcc1 abcc2 double mutant 186 shows more severe phenotype compared to individual single mutants, suggesting the existence of 187 redundant function of the ABC proteins (Song et al., 2010) . To support the redundancy 188 hypothesis, we searched the close homolog of ABCG37 based on phylogenetic analysis of 43 189 Arabidopsis thaliana ABCG proteins. ABCG33 turned out to be the closest homolog of 190 ABCG37, residing in the same clade (Supplemental Figure 3A ). They show ~80% identity at 191 protein level (Supplemental Figure 3B ).
192
Double knockout homozygous abcg33-1 abcg37-2 mutant was generated to test the 193 redundant functional hypothesis. Before crossing, using gene expression analysis we confirmed 194 that both abcg33-1 and abcg37-2 mutants are null mutants (Supplemental Figure 4 ). Consistent 195 with our hypothesis, we found that abcg33-1 abcg37-2-11, abcg33-1 abcg37-2-21 and abcg33-1 196 abcg37-2-23 (three independent double mutant lines obtained from three independent crossing 197 between abcg37-2 and abcg33-1) showed resistance to cesium for both root growth inhibition Figure 5C ).
202
However, at early incubation time point (like 2 days incubation in Cs + ), the double mutants 203 showed strong resistance to Cs + irrespective of the concentration (Supplemental Figure 5 ).
204
ABCG37 has been shown to function as IBA efflux carrier (Růžička et al., 2010) . Since majority 205 of IBA functions in plant development through conversion to IAA (Růžička et al., 2010; Frick 206 and Strader, 2017), we investigated whether abcg37, abcg33 and abcg33 abcg37 mutants show 207 altered root growth response to exogenous IAA. All these mutants show wild-type like response 208 to IAA-induced root growth inhibition, indicating that the altered response of these mutants to 209 Cs + is not linked to the major endogenous form of auxin, IAA (Supplemental Figure 6 ).
210
Collectively, these results confirm that ABCG33 and ABC37 act redundantly to uptake Cs + .
211

Cesium regulates the expression of ABCG37 and ABCG33 proteins at translational level 212
Many of the metals (Cd 2+ , Pb 2+ ) regulate the gene expression of their corresponding ABC 213 transporters (AtABCG36, AtABCB25, and AtABCG40) (Lee et al., 2005; Kim et al., 2006; Kim et 214 al., 2007) . Furthermore, differential expression of a group of Arabidopsis genes, including ABC 215 proteins was observed in cesium intoxicated plants (Hampton et al., 2004) . To test whether 216 cesium regulates the expression of ABCG37 and ABCG33, we used quantitative real time PCR.
217
However, compared with wild-type, we did not observe any significant changes in the transcripts 218 of ABCG37 and ABCG33 in Cs + treated plants (Supplemental Figure 7) . This observation is not 219 inconsistent as in few cases it has been shown that transporters transcriptions are not affected by 220 the application of the substrate. For instance, arsenite has no effect on expression of AtABCC1 221 and AtABCC2 (Song et al., 2010) ; rice cesium transporters are not transcriptionally altered by 222 cesium (Yamaki et al., 2017) .
223
The quantitative real-time PCR analyses of ABCG37 and ABCG33 indicated that 224 ABCG37 and ABCG33 are not under direct transcriptional regulation of cesium. To understand 225 whether Cs + regulates ABCG33 and ABCG37 at translational level, we monitored the cellular 226 expression of these proteins using GFP tagged lines. Co-localization study with PI confirmed 227 that both ABCG33 and ABCG37 are plasma membrane localized protein (Supplemental Figure   228 8). Interestingly, we found that both ABCG37-GFP and ABCG33-GFP intracellular signals are 229 severely reduced by 1.5 mM cesium treatment in a time dependent manner. The reduction of the 230 GFP signal is maximum on day three but the Cs + effect on these proteins are apparent from day 2 231 (Figures 4A and 4B) . To clarify the specificity of Cs + effect on ABCG33 and ABCG37 proteins, 232 we used two root specific membrane proteins, PIN2-GFP (Xu and Scheres, 2005) and EGFP-
233
LTI6b (Kurup et al., 2005) . Cs + slightly reduced PIN2-GFP signal but did not affect the LTI6b 234 expression ( Figure 4B; Supplemental Figure 9 ). These results nullify the possibility that the Cs + -235 induced inhibition of ABCG33 and ABCG37 expression is due to toxicity, rather it suggests that 236 Cs + selectively inhibits a subset of membrane proteins.
237
ABCG37 and ABCG33 are functionally redundant cesium influx carriers 238 The physiological, molecular and cellular analyses identified ABCG33 and ABCG37 as 239 potential Cs + influx carriers. However, evidence for direct influx activity remains lacking. The 240 uptake activity of a protein can be assessed by either using heterologous expression system or 241 direct in planta uptake assay. To confirm the potential role of ABCG33 and ABCG37 in Cs + 242 uptake, we first performed short term uptake assay in Arabidopsis roots using radio labeled 243 cesium ( 137 Cs).
244
Cs + uptake capacity of wild type and double mutants was measured by direct uptake 245 assay using radioactive 137 Cs + . The Cs + uptake was observed for 2h in presence or absence of K + 246 at various Cs + concentrations ranging from low to high ( Figure 5 ). The short-term assay system 247 eliminates the possible non-specific effects on transport. Irrespective of the presence or absence 248 of K + , abcg33-1 abcg37-2 double mutants showed a reduced cesium uptake capacity compared 249 with wild-type at all cesium concentrations we tested ( Figure 5A , 5B, 5C). To confirm that the 250 double mutant lines truly lack the Cs + uptake capacity, we compared Cs + content in roots of the 251 wild type and abcg33-1 abcg37-2 mutants after 3 days Cs + incubation using ICP-MS. Compared 252 with wild type, Cs + content was significantly reduced in abcg33-1 abcg37-2 mutant lines at all 253 K + concentration we tested ( Figure 5D ). The short-term uptake data along with ICP-MS data 254 suggest that ABCG37 and ABCG33 function as cesium influx carriers. 256 To evaluate ABCG37 activity in the Cs + uptake in a heterologous expression system, we figure 10 ). These results suggest that ABCG37 needs other components to function as CS + influx 261 carrier, which is present in plant cell but absent in yeast system. This finding is not surprising as 262 it has already been demonstrated that several plant proteins fail to transport corresponding metals 263 when expressed in a heterologous system (Gaymard et al. 1996; Formentin et al. 2004 ; Ma et al. 
255
ABCG37 does not show Cs + uptake activity in Saccharomyces cerevisiae
272
Taken together, these results suggest that investigating the transporter activity of a plant protein 273 in heterologous system is tricky and may not always mimic in planta results.
274
Potassium response is unaltered in abcg33abcg37 double mutant. 275 Because of the structural similarity of Cs + with K + , most of the Cs + transporters found 276 today also transport K + . Here we identified two ABCG proteins that modulate Cs + influx in 277 Arabidopsis roots. To verify that these proteins solely uptake Cs + but not K + , we measured the 278 endogenous K + content in wild-type and double mutants using ICP-MS and also compared the 279 root growth response to a concentration of K + that inhibits 50% root growth in wild type. ICP-280 MS data revealed no significant difference in K + content between the wild type and double 281 mutants grown at different concentrations of K + ( Figure 6A ). Consistently, the double mutants 282 respond to exogenous K + for root growth like wild-type ( Figure 6B ). These results provide 283 strong evidence in support of the hypothesis that ABCG33 and ABCG37 are Cs + specific uptake 284 carriers and act independent of K + . 
296
However, OsSOS2 was found to be indirectly linked to K + as in OsSOS2 mutant, K + and Na + 297 transporter genes (OsHAK1, OsHAK5, OsAKT1, OsHKT2;1) are downregulated at low K + /Na + 298 (Ishikawa et al., 2017) . It is predicted that Cs + uptake is reduced due to the lower expression of 
305
In the present study, we identified two ABC proteins (ABCG33 and ABCG37) that Figure 6 ). Previously it was demonstrated that ABCG37 mutants show wild-type 337 like respons to IAA (Ito & Gray, 2006; Růžička et al., 2010) , which is consistent with our 338 results. Further, 2,4-D is not an endogenous auxin and hence Cs + -induced inhibition is not linked 339 to 2,4-D. In case of IBA, it is believed that majority of IBA functions in plant development 340 through conversion to IAA (Růžička et al., 2010; Frick and Strader, 2017) . Since all the 341 ABCG33 and ABCG37 single and double mutants respond to IAA like wild-type, it is 342 reasonable to speculate that the response of these mutants to Cs + is independent of auxin.
343
Our physiological, genetic, cell biological and direct transport assay data indicated that 344 ABCG33 and ABCG37 function redundantly in uptaking Cs + . Additionally, the reduction in Cs + 345 uptake in abcg33 abcg37 double mutant is independent of K + availability in the media as similar 346 reduction in Cs + uptake was observed in presence or absence of K + ( Figure 5 ).The specificity of 347 these proteins to uptake only Cs + but not K + was also confirmed by measuring K + concentration 348 and root growth response to exogenous K + in the double mutant lines ( Figure 6 ). Unfortunately, 349 ABCG37 did not show any Cs + influx activity in heterologous system. This is not inconsistent as 350 the expression of plant proteins in heterologous system widely varies depending on the system 351 that is used, and in many cases plant proteins do not express in heterologous system. For instance, 352 AKT1 and DKT1 showed disturbed cell membrane electrical stability and inactivity when 353 expressed in oocyte system (Gaymard et al., 1996; Formentin et al., 2004) . Dreyer et al. also 354 elegantly showed the problems with the heterologous expression system in expressing plant Similar results were observed for mercury. ABCC1 and ABCC2 transported more mercury when 373 it was expressed in PCS producing yeast compared with yeast strain that does not produce any 374 PCS (Park et al., 2012) . Interestingly, the same ABCC1 and ABCC2 failed to transport any 375 cadmium even when they were expressed in PCS producing yeast strain, although they could 376 transport cadmium in planta (Perk et al., 2012) . Hence, the inability of the plant transport 377 proteins to transport substrate when expressed in heterologous system does not exclude them to 378 function as transporters in planta. 379 Previously, plasma membrane-localized metal transporters were established based on 380 only in planta experimental system such as using radioisotope for transport assay and measuring 381 content through ICP-MS. For instance, AtPDR8/ABCG36 and AtATM3/ABCG25 were 382 on ICP-MS analysis, where increased or decreased content of Cd was observed for atpdr12-1 385 and overexpression line of AptPDR12, respectively (Lee et al., 2005) . These results along with 386 the observed in planta Cs + influx activity of ABCG33 and ABC37 characterized these two ABC 387 proteins as potential candidates for Arabidopsis specific Cs + influx carriers.
388
Our finding that ABC proteins may function as Cs + specific influx carriers is supported mutant in presence of low to high concentrations of K + did not reveal any alteration in the 403 potassium accumulation in the double mutant compared with the wild-type ( Figure 6A ). The 404 potassium content was measured after 3-day treatment confirming that there are no non-specific 405 changes in other transport proteins that may involve in transporting K + . Further, the root growth 406 response of double mutant under K + showed no changes in the root elongation response 407 suggesting that these mutations do not alter potassium response ( Figure 6B ). Measurement of 408 Cs + content in presence of variable concentrations of K + revealed a similar trend of decreasing 409 Cs + content under high K + condition both in wild type and double mutant ( Figure 5D ). If there 410 was a change in K + transport in double mutant, one would expect to observe a clear difference in double mutant. Based on these multiple lines of evidence, we concluded that the double mutant 412 has an unaltered K + transport. 413 Although it has been shown that both low and high Cs + can alter the gene expression in Three independent double knockout mutants (abgc37-2 abcg33-1) were generated by 467 crossing and the homozygous lines were selected through genotyping. Primers used for 468 genotyping are listed in the Supplemental Table 1 . 
481
For auxin response assay, 4-d-old light grown Col-0, abcg37-1, abcg37-2, acbg33-1 and 482 abcg37-2 abcg33-1 seedlings were transferred to DMSO, 15nM and 30nM IAA containing 483 plates and kept at 23 0 C under yellow light for three days. After the incubation, root elongation 484 was measured as described above.
485
Chemicals
486
Cesium chloride was purchased from Sigma Chemicals (www.sigmaaldrich.com).
487
Propidium idodide was purchased from Invitrogen (www.thermofisher.com) . The carrier-free 488 137 Cs solution (3.7MBq mL -1 ) was purchased from Eckert & Ziegler (https://www.ezag.com).
489
Other chemicals were purchased from Wako, Japan (www.wako-chem.co.jp).
490
Kinematic analysis 491
Kinematic analysis was performed as described earlier (Rahman et al., 2007) . In brief, 492 seedlings were grown vertically for 4 days after stratification. On day 4, seedlings were 493 transferred to plates supplemented with or without and 1.5mM cesium chloride and grown Supplemental Table 1 .
533
For RT-PCR analysis (Supplemental Figure 4) , RNA was extracted from 7-day-old 534 vertically grown seedlings and cDNA was prepared as described above. RT-PCR was performed 535 using GoTaq ® DNA polymerase (Promega, https://www.promega.com) and corresponding 536 primers for 28 cycles. Primers used for the gene expression analysis are listed in the 537 Supplemental Table 1 . times. 10mm root tip from 10 seedlings were collected for each sample and placed into the 554 scintillation vial with 500µL MicroScint 40 (Perkin Elmer, Inc., USA, www.perkinelmer.com).
555
The uptake of 137 Cs + was determined with a NaI scintillation counter (ARC-300, Aloka, Japan, 556 www.hitachi-aloka.co.jp). The experiment was repeated for three times.
557
Measurements of ion contents 558
Three-day-old Col-0and double knockout mutant seedlings were transferred to control 559 and 1.5mM cesium chloride containing plates with variable K + concentrations, and incubated for 560 three days at 23 0 C under continuous white light. Whole seedlings were collected, washed three 561 times with ultrapure water, soaked in the paper towel and the fresh weight was measured.
562
Samples were dried at 65 0 C and digested using ultrapure nitric acid (Kanto Chemical, Japan, 563 https://www.kanto.co.jp) at 95 0 C for 600 min. Ion contents were determined using an inductive 564 coupled plasma mass spectrometer (ICP-MS, NexION 350S, Perkin Elmer, Japan). 566 To evaluate the Cs + transport by ABCG37, we performed the yeast culture experiment , K., Blakeslee, J.J., Titapiwatanakun, B., Peer, W.A., Bandyopadhyay, A.,   736   Makam, S.N., Lee, O.R., Richards, E.L., Murphy, A.S., and Sato, F. (2005) .J., Bird, D., Burla, B., Dassa, E., Forestier, C., Geisler, M., Klein, M. , ., Absmanner, B., Weller, B., Barbosa, I.C., Willige, B.C., Fastner, A., Streit,   754   V., Port, S.A., Colcombet, J., and van Bentem, S.d.l.F. (2014) . Auxin efflux by PIN- 
565
Cesium transport assay in Saccharomyces cerevisiae
807
(A-C) Short term uptake assay of 137 Cs + in Col-0, abcg37-2 abcg33-1 (11), abcg37-2 abcg33-1 808 (21) and abcg37-2 abcg33-1 (23) root tip. Four-day-old light grown Col-0, single and double 809 mutant seedlings were incubated for 2h at 10M, 1.5mM,15 mM 137 Cs + in presence (6mM) or 810 absence of K + . After the incubation, seedlings were washed three times and 10mm root tip from 811 10 roots were excised for each sample and radioactivity was counted using a scintillation counter.
812
Data are the averages from at least 3 independent experiments, and expressed as per mm root tip. (A) Representative diagram for ABCG37 mutants used in this study. Solid black box and interrupted black line indicate exon and intron, respectively. (B) Primary root growth elongation of Col-0, abcb37-1, abcg37-2, abcg37-3 and abcg37-4 in presence of 1.5 mM Cs + . Three-dayold light grown seedlings were transferred to new agar plates with or without 1.5 mM Cs + and incubated at 23°C for three days. Vertical bars mean ±SE from three independent experiments with 8 seedlings observed per experiment (B). Asterisks represent the statistical significance between treatments as judged by student's t-test: ***P < 0.001 (C) Root phenotype of wild-type (Col-0) and abcg37 mutants after three days incubation in control and 1.5 mM Cs + plates. Control phenotype is demonstrated in Figure 1B . Images are representative of at least three independent experiments with 8 seedlings observed per experiment. Bar =10mm.
Figure 3.
ABCG37 and ABCG33 work redundantly as cesium transporter.
(A) Root phenotype of wild type (Col-0) and abcg37-2 abcg33-1 -11 after three days incubation in control and 1.5 mM Cs + plates. Images are representative of at least three independent experiments with 8 seedlings observed per experiment. Bar =10 mm. (B) Primary root elongation of Col-0, abcb37-2 abcg33-1-11, abcb37-2 abcg33-1-21 and abcb37-2 abcg33-1-23 in presence of 1, 1.5 and 2 mM Cs + . Three-day-old light grown seedlings were transferred to new agar plates and incubated at 23°C for two days. Vertical bars mean ±SE from three independent experiments with 8 seedlings observed per experiment. Asterisks represent the statistical significance between treatments as judged by student's t-test: *P < 0.05, **P < 0.01 and ***P < 0.001. Three-day-old light grown ABCG37-GFP and ABCG33-GFP seedlings were transferred to control and 1.5 mM Cs + containing plates. (A) GFP fluorescence of ABCG37-GFP and ABCG33-GFP were observed at 24, 48 and 72h time point. The images are single confocal sections representative of three independent experiments with 5 seedlings observed per treatment for each experiment. Bars=50µm. (B) Quantification of GFP signal in ABCG37-GFP, ABCG33-GFP, PIN2-GFP and EGFP-LTI6b from control and 1.5 mM Cs + containing plates at 24, 48 and 72h time point. Quantification was performed from three independent experiments with 5 seedlings observed per treatment for each experiment. Vertical bars mean ±SE. Asterisks represent the statistical significance between treatments as judged by student's t-test: *P < 0.05 and ***P < 0.001.
Figure 5. ABCG33 and ABCG37 function as cesium influx carriers.
(A-C) Short term uptake assay of 137 Cs + in Col-0, abcg37-2 abcg33-1 (11), abcg37-2 abcg33-1 (21) and abcg37-2 abcg33-1 (23) root tip. Four-day-old light grown Col-0, single and double mutant seedlings were incubated for 2h at 10M, 1.5mM,15 mM 137 Cs + in presence (6mM) or absence of K + . After the incubation, seedlings were washed three times and 10mm root tip from 10 roots were excised for each sample and radioactivity was counted using a scintillation counter. Data are the averages from at least 3 independent experiments, and expressed as per mm root tip. Vertical bars mean ±SE. Asterisks represent the statistical significance between genotypes as judged by student's t-test: *P < 0.05, **P < 0.01 (D) Cesium content in Col-0 and abcg double mutants. Three-day-old light grown Col-0 and double mutant seedlings were transferred to 1.5mM Cs + plates in presence of various K + concentrations, and incubated for three days. Cs + content of whole seedling was measured by ICP-MS. The data were obtained from three independent experiments. Vertical bars mean ±SE. Asterisks represent the statistical significance between treatments as judged by student's t-test: *P < 0.05, and **P < 0.01. ABCG33 and ABCG37 are potassiumindependent cesium transporters.
(A)
Potassium content in Col-0, abcg37-1, abcg double mutant seedlings. Threeday-old light grown Col-0 and double mutant seedlings were transferred to fresh plates containing various concentrations of K + , and incubated for three days. K + content of whole seedling was measured by ICP-MS. (B) Primary root elongation response of Col-0, abcg33-1 abcg37-2-11, abcg33-1 abcg37-2-21 and abcg33-1 abcg37-2-23 in presence of 100mM potassium chloride. Four-dayold light grown Col-0 and double mutant seedlings were transferred to 100 mM potassium chloride containing plates and incubated for three days. For both (A) and (B) vertical bars mean ±SE from three independent experiments. The K + content and percent root elongation in double mutant are statistically non-significant compared with wild-type as judged by the student's t-test. Schematic representation of current working model of Cs + uptake in Arabidopsis. Left panel demonstrates the typical Cs + uptake inside wild-type (Col-0) cell using various transporters, including ABC proteins. Right panel shows the loss of ABCG33 and ABCG37 in double knockout mutant resulting in reduced Cs + uptake. K + transporters are presented in red, ABCG33 in purple, ABCG37 in green and yet unidentified Cs + transporters are in yellow.
